Lactoferrin (LF) is a multifunctional protein that is found in milk, neutrophils, and other biological fluids. Under inflammatory conditions, LF production is increased in the periphery by neutrophils. However, the cardiovascular function of LF is still unknown. In the present study, we investigated the effect of bovine LF (BLF) on the mean blood pressure (MBP) and heart rate (HR) in urethane-anesthetized rats, and the vascular 2 function of BLF in the rat thoracic aorta. Intravenous injection of BLF produced dose-dependent decreases in MBP but did not affect HR, while the opioid agonist morphine decreased both MBP and HR. The hypotensive effect of BLF was not altered by naloxone methiodide, which cannot pass through the blood-brain barrier, but was significantly reduced by naloxone hydrochloride, which does pass through the blood-brain barrier. BLF-induced hypotension was completely blocked by the NO synthase inhibitor, N G -nitro-L-arginine methyl ester (L-NAME), but not by the inactive enantiomer of L-NAME, N G -nitro-D-arginine methyl ester (D-NAME). BLF-induced hypotension was not altered by the muscarinic acetylcholine receptor antagonist atropine, or the cyclooxygenase inhibitor diclofenac. BLF produced relaxation in endothelium-intact but not endothelium-denuded aortic rings precontracted with phenylephrine. The relaxation evoked by BLF was completely blocked by L-NAME, but not by D-NAME or the ATP-sensitive potassium channel blocker glibenclamide. These results suggest that BLF causes hypotension via an endothelium-dependent vasodilation that is strongly mediated by NO production, and that BLF-induced hypotension also may be mediated by the central opioidergic system.
Introduction
Epidemiological evidence implies that the consumption of milk and dairy products is inversely related to blood pressure (BP) and the risk of hypertension. NHANES, an epidemiological study conducted in the USA from 1971-1975 involving over 20,000 people, found that a diet low in dairy products was predictive of hypertension (28) . Other large population studies have also reported an inverse association between the consumption of milk and BP (1, 17, 34) . In addition, milk supplementation has been shown to lower BP in some clinical studies (5, 7) . There is some evidence of an inverse association between the intake of total protein or animal protein and BP (31, 34) .
Based on these evidence, we were interested in lactoferrin (LF), a natural iron-binding protein in milk. LF is a single-chain glycoprotein with a molecular weight of about 80 kD that belongs to the family of transferrins (6) . LF has many peripheral functions, inducing primary defense against bacterial and viral infection, antitumor activity, immunomodulation, and cell growth regulation (6) . However, there are no published studies on the cardiovascular effects of LF so far. Under inflammatory conditions, LF production is increased in the periphery by neutrophils (6, 23) and in the central nervous system (CNS) by the microglia (16). LF is also transported from blood to the cerebrospinal fluid through the blood-brain barrier via receptor-mediated transcytosis (14) . It is also reported that orally administered bovine milk-derived LF (BLF) inhibits formalin-evoked nociception (19), carrageenan-induced inflammation with immunomodulation (46) , and vascular endothelial growth factor-mediated angiogenesis (30) in adult rats. Thus, not only endogenous but also exogenous LF are effective in adult mammals, and the investigation of the cardiovascular action of LF should have physiological importance.
It is reported that LF binds to specific high-and low-affinity sites on the capillary endothelial cells (EC) (14) . After binding to EC, LF crosses from the apical to the abluminal surface without being degraded, possibly via caveolae (14) . On the other hand, it is well known that EC produces different vasodilating agents, such as nitric oxide (NO), prostacyclin (PGI 2 ), and endothelium-derived hyperpolarizing factor, and plays an important role in the control of vascular tone. Although the actions of LF on/in the EC are not clear yet, it is reported that BLF increases NO production in the macrophages (36) . It is also reported that EC contains the µ 3 opioid receptor that is coupled to NO release and vasodilation (38) . Indeed, there are several reports that intravenously administered opioid agonists cause NO-dependent vasodilation (8, 9, 10) . Moreover, opioids also act in the central nervous system and cause systemic hypotension (11, 39) . On the other hand, LF and its receptor have also been identified in the central nervous system (CNS) (13, 15, 16, 24, 25, 32, 33, 41) . Recently, we reported that bovine milk-derived LF (BLF) produces µ-opioid receptor-mediated antinociceptive activity (19), and this BLF-induced analgesia is mediated by NO production (20). Although various types of opioid ligands have been found in milk or milk digests (43), BLF did not bind to the µ-opioid receptor nor did it change its binding affinity to the opioid ligands (40) . Thus, BLF does not act as an opioid agonist, but rather as an enhancer of endogenous opioid signaling (20) . In this study, we investigated the effect of the intravenous administration of BLF on BP and heart rate in urethane-anesthetized rats, and the vascular function of BLF in the rat thoracic aorta. The possible mechanism of action was also studied pharmacologically.
Materials and Methods Animals
Male Wistar-Imamichi rats (8-9 weeks old; body weight, 250-330 g) were used in all experiments. All animals were maintained at a controlled temperature (22±2°C) under a regular light/dark cycle (light period: 7:00 to 19:00 h) with free access to food and water. All experiments were conducted in accordance with the guidelines of the Physiological Society of Japan regarding the care of experimental animals.
Drugs
For in vivo experiments, bovine lactoferrin (BLF; MW=approximately 78000; Tatua, Morrinsville, New Zealand), Bovine serum albumin (BSA; MW=approximately 66000; Sigma, Tokyo, Japan), naloxone hydrochloride (Sigma), naloxone methiodide (Sigma), morphine hydrochloride (Sankyo, Tokyo, Japan), diclofenac (Sigma), acetylcholine chloride (ACh; Daiichi, Tokyo Japan), atropine sulfate (atropine; Fuso, Osaka, Japan), N G -nitro-L-arginine methyl hydrochloride (L-NAME; Sigma), and N G -nitro-D-arginine methyl ester hydrochloride (D-NAME; Sigma) were dissolved in saline solution for administration at a volume of 1 ml/kg. For in vitro experiments, BLF, ACh, L-NAME, D-NAME, L-phenylephrine hydrochloride (Sigma), and sodium nitroprusside dihydrate (SNP, Sigma) were dissolved in distilled water, and glibenclamide (Wako, Osaka, Japan) and pinacidil (Sigma) were dissolved in DMSO at the concentration of 10 mM and diluted with distilled water to the desired concentrations. The purity of BLF (95.3%) was certificated by Tatua. We also performed SDS-PAGE on BLF to ensure that no other protein was present in the preparation (data not shown).
In vivo experiment
Measurement of blood pressure and heart rate Rats were initially anesthetized with intraperitoneal injection of urethane (1g/kg, Sigma, Tokyo, Japan). Supplemental doses were given through a jugular intravenous catheter whenever needed. The trachea was cannulated with polyethylene tubing (PE 240) to keep the respiratory passage patent. In all rats, body temperature was maintained by means of a heating pad. The left jugular vein and right carotid artery were cannulated with heparinized PE-50 polyethylene tubing for the purposes of intravenous injection (i.v.) and the measurement of arterial blood pressure (ABP), respectively. The tubing for ABP measurement was connected to a pressure transducer (Gould Statham Instrument Inc., Hato Rey, Puerto Rico). Mean blood pressure (MBP) and heart rate (HR) were derived electronically from the ABP pulses. These parameters (MBP and HR) were monitored and recorded on a polygraph system (365-11, SAN-EI Co. Ltd., Tokyo, Japan). To normalize the mean values of the baseline of MBP and HR in each treatment group, rats were admitted to each group on the basis of those base-line values in all sets of experiments. Thus, there is no significant difference between the base-line values of treated groups in this study. Data are expressed as the mean percentage change of MBP or HR ± S.E..
In vitro experiment Measurement of mechanical activities of thoracic aorta
Rats were sacrificed and the thoracic aorta was removed immediately, cleaned of all fat and connective tissue, and cut into rings approximately 5 mm in length. Each ring was mounted in an organ bath containing 5 ml physiological solution (PSS) with the following composition: 119 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2mM MgCl 2 , 1.2mM KH 2 PO 4 , 25 mM NaHCO 3 and 10 mM glucose. The organ bath solution was maintained at 37˚C and gassed with 95% O 2 and 5% CO 2 (35) . Each ring was left to equilibrate for at least 2 hr under a resting tension of 10 mN, which was kept constant throughout the experiment. The isometric muscle tension was recorded with a force-transducer (TB-611T, Nihon Kohden Kogyo Co., Japan) connected to a polygraph (AP-621G, Nihon Kohden Kogyo Co.). The presence of an intact endothelium was confirmed by observing a relaxation response to 5 µM ACh in rings precontracted with 1 µM phenylephrine. For the endothelium-denuded experiment, the endothelium was removed by gentle rubbing of the intimal surface with a cotton swab wetted with PSS. The absence of the endothelium was confirmed by a lack of relaxation response to ACh. During both the endothelium-intact and -denuded experiments, aorta rings were precontracted with phenylephrine (1 µM). When this contraction reached steady state, BLF (1 µM -10 µM) was added into the organ bath cumulatively. At the end of experiment, SNP (100 µM) was applied to produce maximum relaxation, which was taken as 100%.
Statistics
Differences between treatment groups were assessed by the unpaired t-test or, when appropriate, ANOVA followed by Dunnett's post-hoc test for multiple comparisons. In all cases, a probability (P) value of <0.05 was considered to indicate statistical significance.
Results

In vivo experiment
The hypotensive effect of BLF on MBP. In the first set of experiments, the effect of BSA (1500 nmol/kg i. . In contrast, the intravenous administration of BLF dose-dependently lowered the MBP. We also observed that the hypotensive response to BLF is repeatable (data not shown). Based on our results, we chose a BLF dose of 384 nmol/kg for the subsequent experiments. The time course of the cardiovascular effect of BLF. In the second set of experiments, the time course of the effects on HR and MBP of an µ-opioid agonist, morphine (133 nmol/kg i.v.), and BLF (384 nmol/kg i.v.) were measured. Baseline values of MBP were 138.2 ± 8.5 mmHg in the BLF-treated group and 133.1 ± 11.0 mmHg in the morphine-treated group; baseline values of HR were 317.0 ± 16.8 beats/min and 306.2 ± 23.0 beats/min., respectively (Fig. 2) . Morphine caused a marked decrease of both MBP (-44.3 ± 10.1 %) and HR (-67.8 ± 16.8 %) at 10 sec after administration, after which MBP and HR recovered rapidly. In contrast, the maximum hypotensive effect of BLF was observed at 60 sec after the administration (-31.0 ± 4.0 %), and the MBP showed a slower recovery. However, BLF did not affect HR.
The role of the opioidergic system. In the third set of experiments, the effects of opioid antagonists on responses to BLF (384 nmol/kg i.v.) and morphine (133 nmol/kg i.v.) were investigated. Responses were measured 5min after intravenous administration of opioid antagonists, namely naloxone hydrochloride, which passes through the blood-brain barrier, and naloxone methiodide, which cannot pass through it. Neither opioid receptor antagonists altered the MBP when injected at a dose of 10 mg/kg i.v.. However, the lowering of MBP in response to morphine (-39.2 ± 3.6 %) was significantly blocked by naloxone hydrochloride (-6.6 ± 1.2 %) and naloxone methiodide (-7.6 ± 1.8 %) (Fig. 3) . The hypotensive effect of BLF was not altered by naloxone methiodide. The low dose (2 mg/kg) of naloxone hydrochloride did not affect the BLF response; however, the higher dose of 10 mg/kg of naloxone hydrochloride significantly reversed the hypotensive response to BLF from -29.3 ± 3.0 to -14.1 ± 4.5 %.
The role of NO production. In the fourth set of experiments, the role of NO release in mediating hypotensive effects of BLF (384 nmol/kg i.v.), acetylcholine (100 ng/kg i.v.), and morphine (133 nmol/kg i.v.) was investigated. The actual values of MBP are represented in Fig. 4A and the changes in MBP are summarized in Fig. 1B . Responses were measured following intravenous administration of the NO synthase inhibitor, L-NAME (50 mg/kg), and the NO synthase inhibitor was found to increase MBP (Fig. 4A) . In the presence of L-NAME, decreases in MBP in response to BLF, acetylcholine, and morphine were significantly reduced (Fig. 4B) . On the other hand, the inactive enantiomer of L-NAME, D-NAME (50 mg/kg i.v.), did not affect the hypotensive effect of BLF.
The role of muscarinic acetylcholine receptor and PG production. In the fifth set of experiments, the involvement of a muscarinic acetylcholine receptor in mediating the hypotensive effects of BLF (384 nmol/kg i.v.) and acetylcholine (100 ng/kg i.v.) was investigated. Responses were measured 5 min after intravenous administration of the muscarinic acetylcholine receptor antagonist, atropine (0.1 mg/kg), which by itself did not alter MBP. In the presence of atropine, however, acetylcholine-induced hypotension was completely abolished by atropine. In contrast, the hypotensive effect of BLF was not affected by atropine (Fig. 5) .
In the last series of experiments, the role of prostaglandin release in mediating the hypotensive effect of BLF (384 nmol/kg i.v.) was investigated 15 min after the administration of a cyclooxygenase inhibitor, diclofenac (3 mg/kg i.v.). The administration of diclofenac (3 mg/kg i.v.) did not alter MBP. This dose of diclofenac was chosen based on the report that diclofenac (3 mg/kg i.v.) completely inhibits PG production following intravenous injection of arachidonic acid in rats (18). Diclofenac did not affect BLF-induced hypotension (data not shown).
In vitro experiment
BLF-induced relaxation in the rat thoracic aorta. In order to clarify the vascular function of BLF, we performed isolated vascular ring myography. Firstly, we investigated whether BLF causes relaxation of the rat thoracic aorta. The responses to BLF (1 µM-10 µM) in the endothelium-intact and -denuded aortic rings precontracted with phenylephrine (1 µM) are presented in Fig. 6 A and summarized in Fig. 6B . BLF caused concentration-dependent relaxation in the endothelium-intact aorta. Endothelial denudation completely abolished the BLF-induced relaxation.
The role of NO and ATP-sensitive potassium channel. We then investigated the role of NO in the BLF-induced relaxation of the aortic rings. In the presence of L-NAME (100 µM), BLF-induced relaxation was completely abolished (Fig. 7A ). This concentration of L-NAME also abolished ACh (5 µM) -induced relaxation. On the other hand, D-NAME (100 µM) did not affect BLF-induced relaxation.
Lastly, We investigated whether the ATP-sensitive potassium channel is involved in BLF-induced relaxation of the aortic rings. Fig. 7B shows that an ATP-sensitive potassium channel blocker glibenclamide (3 µM) did not affect BLF-induced relaxation. This concentration of glibenclamide significantly reversed the relaxation induced by an ATP-sensitive potassium channel opener, pinacidil (1 µM).
Discussion
In this study, we demonstrated the endothelium-dependent hypotensive effect of BLF and its mediation by NO production. The results of the present study showed that intravenous injection of BLF decreased MBP but did not affect HR (Fig.2) . On the other hand, intravenous injection of the opioid agonist morphine decreased both MBP and HR. These data indicate that the effect of BLF on the cardiovascular system is different from that of morphine. We then investigated whether BLF-induced hypotension involves the activation of the peripheral or central opioidergic systems. The hypotensive effect of BLF was significantly reduced in the presence of naloxone hydrochloride only (Fig.3) , whereas the hypotensive effect of morphine was significantly inhibited by both naloxone hydrochloride and naloxone methiodide. These data may suggest that the hypotensive effect of intravenously administered morphine is mainly mediated by the peripheral opioidergic system, while the hypotensive effect of intravenously administered BLF is mediated by the central opioidergic system. The present data also suggest that the hypotensive effect of BLF is not mediated by the activation of peripheral opioid receptors, including the µ3 opioid receptor in the EC. In addition to the peripheral tissues (e.g. EC), an LF receptor has also been identified in the CNS (13, 33) . It is reported that BLF enters into the cerebrospinal fluid via receptor-mediated transcytosis (14) . However, the maximum hypotensive effect of BLF was observed at 60 sec after the intravenous injection in this study (Fig. 2) . It is unlikely that intravenously administered BLF enters the CNS and acts on its receptor within 60 sec. BLF may influence the central opioidergic system from outside the blood-brain barrier, although its mechanism is difficult to explain from the present data. The precise mechanism of BLF-induced hypotension seems to be rather complicated and to require further investigation.
We next investigated the role of NO in mediating BLF-induced hypotension. NO is known as an endothelium-derived relaxing factor that causes vasodilation and controls vascular tone. It is reported that the blood-pressure-buffering effect of endogenous NO is mediated by endothelium NO synthase (eNOS) (37) . In the present study, BLF-induced hypotension was completely abolished by L-NAME (Fig. 4) . We also found that BLF induced relaxation in the rat thoracic aorta precontracted with phenylephrine (Fig. 6) . Endothelium denudation completely abolished BLF-induced relaxation. L-NAME also completely abolished the BLF-induced relaxation (Fig. 7A) . These results suggest that BLF induces vasodilation via activation of eNOS, which produces NO in the EC. LF binds to specific high-and low-affinity sites on the EC (14) . After binding to the EC, LF crosses from the apical to the abluminal surface without being degraded, possibly via caveolae (14) that contain approximately 50 % of the eNOS in the EC (44) . The hypotensive effect of BLF is not mediated by the muscarinic acetylcholine receptor (Fig. 5) or the peripheral opioid receptor, which are well known to cause vasodilation via NO production from eNOS (Fig.3) . BLF may activate eNOS via its receptor-mediated mechanism or via direct interaction with eNOS, as in the case of the heat shock protein 90 (44) . In addition to the peripheral hypotensive effect of NO, several studies suggest that NO is involved in the central regulation of the cardiovascular functions (2, 12, 21, 22) . However, since the maximum hypotensive effect of BLF was observed at 60 sec after the intravenous injection in this study, it is unlikely that intravenously administered BLF produces NO in the CNS within 60 sec.
It is reported that NO activates the ATP-sensitive potassium channel in the vascular smooth muscle cell (29) . The activation of the ATP-sensitive potassium channel causes the hyperpolarisation of the membrane potential and is well known to reduce vascular excitability. Thus, we investigated the role of the ATP-sensitive potassium channel in mediating BLF-induced relaxation in the aortic rings (Fig. 7B) . We found that the selective ATP-sensitive potassium channel blocker glibenclamide did not affect BLF-induced relaxation. This result suggests that the ATP-sensitive potassium channel is not involved in BLF-induced vascular relaxation.
In addition to NO, prostacyclin (PGI 2 ), which is produced by the EC, is well known to cause vasodilation. There is no published data on whether LF affects PGI 2 production from the EC. However, it is reported that BLF inhibits PGE 2 production from the macrophages in vitro (3). Based on this report, we investigated the role of PG synthesis in BLF-induced hypotension. We found that BLF-induced hypotension did not change in the presence of a cyclooxygenase inhibitor (data not shown), suggesting that no PG-mediated mechanism is involved in BLF-induced hypotension.
The infants of many mammalian species constantly ingest exogenous LF from their mother's milk (26) . As LF is an ubiquitous protein in the bodily fluids (4, 23, 25, 27, 32, 41, 45) , endogenous LF is also available to both infants and adult animals, and may participate in the physiological blood pressure buffer system. Under inflammatory conditions, LF production is increased in the periphery by neutrophils (6, 23, 45) . Thus, when inflammation occurs, BLF-induced vasodilation has biological importance. Especially in local inflammation, BLF-induced vasodilation may increase the blood supply to the injury sites and facilitate their healing. Several studies reported that orally administered BLF shows various functions in adult rats (19, 30, 46 ). Thus, not only endogenous but also exogenous LF can act in adult animals.
We used LF purified from bovine milk in the present study. The LFs of humans, bovids, mice, and pigs share 70% overall amino acid sequence and 100% identity in several stretches of 10-15 amino acids at the C terminus (42) . In addition, we reported that recombinant human LF possesses a level of antinociceptive activity similar to that of BLF in the rat formalin test (19). Although we used BLF and no LF from other species in this study, it is likely that not only BLF but also LF from different species may possess hypotensive effects. In summary, the present study demonstrates that BLF produces hypotension via an endothelium-dependent vasodilation, which is strongly mediated by NO production, and that BLF-induced hypotension is also possibly mediated by the central opioidergic system. In addition to the effect of BLF on the vascular system presented here, LF has many physiological functions, including inducing the primary defense against bacterial and viral infection, anti-inflammation, and antinociception (6, 19, 46) . This wide range of LF activity suggests that LF has physiological importance. Actual values in mean blood pressure (MBP) (A) and changes in MBP (B) in response to the intravenous injection of BLF (384 nmol/kg), acetylcholine (ACh, 100 ng/kg), and morphine (Mor, 133 nmol/kg) in the presence or absence of L-NAME (50 mg/kg i.v.) or D-NAME (50mg/kg i.v.) are shown. *p< 0.05, ****p<0.001 vs. control (un-paired t-test). 
